Long-term depression (LTD) of AMPA-type glutamate receptor (AMPA receptor)-mediated synaptic transmission has been proposed as a cellular substrate for learning and memory. Although activity-induced AMPA receptor endocytosis is believed to underlie LTD, it remains largely unclear whether LTD and AMPA receptor endocytosis at specific synapses are causally linked to learning and memory in vivo. Here we developed a new optogenetic tool, termed PhotonSABER, which enabled the temporal, spatial, and cell-typespecific control of AMPA receptor endocytosis at active synapses, while the basal synaptic properties and other forms of synaptic plasticity were unaffected. We found that fiberoptic illumination to Purkinje cells expressing PhotonSABER in vivo inhibited cerebellar motor learning during adaptation of the horizontal optokinetic response and vestibulo-ocular reflex, as well as synaptic AMPA receptor decrease in the flocculus. Our results demonstrate that LTD and AMPA receptor endocytosis at specific neuronal circuits were directly responsible for motor learning in vivo.
INTRODUCTION
The cerebellum is an ideal brain region for the investigation of the association of synaptic plasticity at certain synapses with learning and memory processes in vivo, since it comprises relatively simple neuronal circuits and provides a direct link to motor outputs (De Zeeuw and Ten Brinke, 2015; Ito et al., 2014) . Longterm depression of excitatory synaptic transmission at parallel fiber (PF)-Purkinje cell synapses (PF-LTD) in the cerebellar cortex has long been proposed as a basis of the motor learning mechanism underlying visual adaptation of the horizontal optokinetic response (OKR) and vestibulo-ocular reflex (VOR), as well as eyeblink conditioning (Ito et al., 2014) . Indeed, various genetically engineered mice with disruptions in the expression of key molecules necessary for PF-LTD induction in vitro display impaired motor learning in vivo (Ito et al., 2014; Yuzaki, 2013) . Recently, however, three lines of genetically modified mice in which PF-LTD was impaired in slice preparations have been shown to display normal motor learning (Schonewille et al., 2011) . Instead, long-term potentiation at PF-Purkinje cell synapses (PF-LTP) and rebound potentiation (RP) of inhibitory synaptic inputs to Purkinje cells have been proposed as alternative substrates for motor learning (Gutierrez-Castellanos et al., 2017; Schonewille et al., 2010; Tanaka et al., 2013) . Similarly, a discrepancy between synaptic plasticity at the circuit level and learning at the behavioral level has been reported in the hippocampus (Martin and Morris, 2002) . To resolve this issue, new tools for the direct and acute modification of synaptic plasticity at specific neuronal circuits in vivo are needed.
The discrepant LTD results are at least partly attributable to various LTD induction protocols used in in vitro slice preparations (Suvrathan et al., 2016; Yamaguchi et al., 2016) . However, the final common step of LTD is believed to be the reduction of postsynaptic AMPA-type glutamate receptors (AMPA receptors) by activity-dependent, clathrin-mediated endocytosis (Collingridge et al., 2010; Huganir and Nicoll, 2013) . For example, LTD is inhibited by disrupting AMPA receptor association with the clathrin adaptor protein AP-2 in hippocampal neurons and Purkinje cells (Nomura et al., 2012) . In addition, dominant-negative forms of Rab5 (Brown et al., 2005) or Rab7 (Ferná ndez-Monreal et al., 2012) , small G proteins necessary for endosomal trafficking (Segev, 2011) , inhibit LTD in hippocampal neurons. As acidification of the endosomal lumen is essential for endocytosis (Kozik et al., 2013) and endosomal maturation (Huotari and Helenius, 2011) , we developed a new optogenetic tool to regulate activity-dependent endocytosis by expressing a photosensitive proton (H + ) pump in endosomes. Using this tool, we demonstrate that LTD and AMPA receptor endocytosis at PF-Purkinje cell synapses in the flocculus are directly responsible for the motor learning underlying OKR and VOR in vivo.
RESULTS

PhotonSABER Regulates Endosomal pH by Light Stimulation
To acutely de-acidify endosomal pH, we took advantage of an engineered Anabaena sensory rhodopsin in which Asp217 is re- placed by Glu (ASR D217E ), which enables H + transport from the lumen to the cytosol via single-photon activation (Kawanabe et al., 2009) . To target ASR D217E to early endosomes and immunodetect its localization, we fused the C-terminal cytoplasmic region of chloride channel protein 5 (Schwake et al., 2001 ) and the FLAG tag to the ASR D217E ( Figure 1A ).
We named this construct PhotonSABER (photon-sensitive ASR-based endocytosis regulator), and we coexpressed it with GFP-tagged small G proteins in HEK293 cells and cultured hippocampal neurons. Immunocytochemical staining of FLAG revealed that PhotonSABER colocalized mostly with Rab4 (55% ± 4%, n = 8 cells) and Rab7 (57% ± 5%, n = 8 cells), compared with Rab11 (40% ± 4%, n = 8 cells, p = 0.038; ANOVA with a Bonferroni correction) in hippocampal neurons (arrows, Figure 1B ) and HEK293 cells ( Figure S1A ). Because Rab7 and Rab11 target late and recycling endosomes, respectively (Segev, 2011) , while Rab4 is present in early and recycling endosomes by linking Rab5-and Rab11-dependent pathways (Hoogenraad et al., 2010; Sö nnichsen et al., 2000) , these results indicate that overexpressed PhotonSABER was mainly targeted to the early to late endosomes.
To examine if PhotonSABER can control the endosomal pH with light stimulation, we fused super-ecliptic pHluorin (SEP), a pH-sensitive GFP that emits less fluorescence in acidic environments (Miesenbö ck et al., 1998) , to the luminal N-terminal region of PhotonSABER. To identify the endosomes and perform ratiometric measurement, HEK293 cells and hippocampal neurons expressing SEP-tagged PhotonSABER were incubated with a dextran-conjugated pH-sensitive red dye (pHrode) that increases fluorescence intensity in acidic endosomal compartments. Confocal microscopic imaging showed that the fluorescence ratio of SEP to pHrode in the endosomes increased with light stimulation in HEK293 cells ( Figure S1B ) and in the dendrites of hippocampal neurons ( Figure 1C ). The fluorescence ratio measured in various pH calibration buffers containing an H + -ionophore indicated that the endosomal pH was elevated by $0.5 ( Figure 1C ; Figure S1B ) following illumination for 10 min. Time-lapse imaging of the dendrites of hippocampal neurons showed that endosomal pH gradually increased with illumination over 30 min (p = 0.001 between t = 0 and 15 min; p = 0.130 between t = 15 and 30 min; p < 0.001 between t = 0 and 30 min; one-way ANOVA followed by Fisher's least significant difference [LSD] post hoc test, n = 6), but returned toward the near-basal level within $15 min after the cessation of illumination after 15 min (p = 0.075 between t = 0 and 30 min; p = 0.046 between t = 15 and 30 min, n = 7) ( Figure 1D ). We obtained essentially the same results with time-lapse imaging in COS-7 cells ( Figure S1C ). These time courses likely reflect the ASR D217E kinetics (15.1 ± 4.0 H + ions/min/molecule) (Kawanabe et al., 2009 ) and the counteracting activity of vacuolar ATPase in endosomes. Together, these results demonstrate that PhotonSABER can rapidly and reversibly control endosomal pH in a lightdependent manner.
PhotonSABER Inhibits Endocytosis in a LightDependent Manner
To test the effect on endosomal trafficking, we expressed PhotonSABER together with Rab7-GFP in HEK293 cells and incubated them with biotinylated dextran for 1 hr with or without light stimulation. The amount of dextran in Rab7-positive late endosomes was significantly reduced by illumination (Figures S2A and S2B) . Increasing light intensity further reduced dextran transport to late endosomes ( Figure S2C ), indicating that PhotonSABER inhibited endocytosis of dextran in a light-dependent manner. We next examined the performance of PhotonSABER in cultured hippocampal neurons using a chemical LTD protocol with N-methyl-D-aspartate (NMDA) to induce AMPA receptor endocytosis. We expressed GluA2 AMPA receptor subunits with a hemagglutinin (HA)-tag attached to the extracellular N terminus (HA-GluA2) together with PhotonSABER in cultured hippocampal neurons. Immunocytochemical analyses showed that the expression of PhotonSABER did not affect the colocalization ratio of HA-GluA2 and mannose-6-phosphate receptor (M6PR; Figure S3A ), a late endosomal marker (Griffiths et al., 1988) , indicating that PhotonSABER does not interfere with basal late endosomal trafficking. Application of 50 mM NMDA for 10 min reduced surface HA-GluA2 under dark conditions (p = 0.002, n = 11À12; Figures S3B and S3C, upper panels) (Lee et al., 2004; Matsuda et al., 2013) . Although light stimulation did not affect the basal surface GluA2 levels in hippocampal neurons (dark, 100% ± 6%, n = 11 cells; light, 94% ± 6%, n = 12 cells; p = 0.50, two-tailed Student's t test), it inhibited the NMDA-induced reduction of cell surface HA-GluA2 (p = 0.49, n = 12; Figures S3B and S3C, lower panels) .
To clarify the effect of PhotonSABER on AMPA receptor trafficking, HA-GluA2 and Rab4-GFP were coexpressed in cultured hippocampal neurons together with PhotonSABER. AMPA receptors were found localized in Rab4-positive early endosomes 3 min after NMDA treatment, as reported previously (Lee et al., 2004; Matsuda et al., 2013) . However, light stimulation significantly reduced the amount of GluA2 signal on Rab4-positive endosomes ( Figures S3D and S3E) . Furthermore, when living hippocampal neurons expressing HA-GluA2 were incubated with an anti-HA antibody, treated with NMDA for 3 min, and then fixed, the internalized anti-HA antibodyGluA2 complex was detected under the dark, but not the light, conditions (Figures S3F and S3G) . These results indicate that PhotonSABER inhibited NMDA-induced AMPA receptor endocytosis by regulating early endosomal function in hippocampal neurons.
To characterize the illumination conditions necessary for the regulation of AMPA receptor endocytosis, we varied the wavelength using band-pass filters. While green (center wavelength/ full width at half maximum, 542/27 nm) and yellow (575/25 nm) light inhibited AMPA receptor endocytosis in hippocampal neurons expressing PhotonSABER, the inhibitory effect was not observed with cyan (475/28 nm) or infrared (850/50 nm) light (Figure S4A) . These results are consistent with the absorption spectrum and the action spectrum for the H + transport activity of ASR D217E , both of which show a peak at $540 nm (Kawanabe et al., 2009 ). The inhibitory effect on AMPA receptor endocytosis was also dependent on light intensity and saturated at $1,000 lux ( Figure S4B ), a condition similar to dextran endocytosis in HEK293 cells ( Figure S2C ). Interestingly, focal light stimulation did not inhibit NMDA-induced reduction of surface HA-GluA2 in either the light-stimulated or unstimulated dendrites ( Figures  S5A and S5B ), likely reflecting the highly dynamic nature of endosomes within neurons (Kerr and Teasdale, 2014) . These results indicate that the effect of PhotonSABER on the surface HA-GluA2 was dependent on the conditions of light stimulation. Finally, we examined the performance of PhotonSABER in cultured Purkinje cells. We induced chemical LTD in Purkinje cells (Matsuda et al., 2000; Xia et al., 2000) expressing HA-GluA2 and PhotonSABER by applying 1 mM phorbol 12-myristate 13-acetate (TPA), a potent protein kinase C activator, for 20 min. Immunocytochemical analyses revealed that the amount of cell surface GluA2 was significantly reduced by the TPA treatment under dark conditions (100% ± 8.2% without TPA treatment, n = 13 and 65.6% ± 5.9% with TPA treatment, n = 11; p = 0.046; Figures 2A, upper panels, and 2B). Although light stimulation did not affect the basal surface GluA2 levels in Purkinje cells (dark, 100% ± 8%, n = 13 cells; light, 114% ± 11%, n = 18 cells; p = 0.75, Kruskal-Wallis followed by Steel post hoc test), it significantly inhibited the effect of TPA on cell surface AMPA receptors (114% ± 11% without TPA treatment, n = 18 and 96% ± 10% with TPA treatment, n = 17; p = 0.76 and p = 0.99, respectively, versus basal surface GluA2 levels in dark conditions; Figures 2A and 2B) .
To clarify the underlying mechanism without relying on ectopically expressed Rab proteins, we examined the colocalization of HA-GluA2 with endosomes using antibodies against early (early endosome antigen 1 [EEA1]), late (M6PR), and recycling (transferrin receptor [TfR] ) endosomes in Purkinje cells after chemical LTD induction. We found that light stimulation significantly reduced the amount of HA-GluA2 signals on EEA1-and M6PR-positive endosomes, but not on TfR-positive endosomes (Figures 2C and 2D) , indicating that PhotonSABER inhibits AMPA receptor trafficking to early and late endosomes in Purkinje cells. Together, these results verify that PhotonSABER inhibits the AMPA receptor internalization that is induced by chemical LTD in both hippocampal and Purkinje cells by light-dependent inhibition of endocytosis.
Generation and Characterization of PCPhotonSABER Mice
The above data indicated that PhotonSABER could be a powerful tool to investigate the in vivo roles of LTD in modulating forms of learning and memory. To achieve cell-typespecific expression and to avoid problems associated with virus-mediated overexpression of exogenous proteins, we generated mice in which a cDNA encoding a stop signal flanked by loxP sites (LSL) followed by HA-tagged PhotonSABER was knocked in to the ROSA26 locus (PhotonSABER-LSL; control mice) ( Figure 3A ). Because the role of PF-LTD in cerebellar learning remains controversial, we crossed PhotonSABER-LSL mice with L7-Cre mice, which specifically expressed Cre in Purkinje cells. Immunoblot analyses confirmed the specific expression of PhotonSABER-HA proteins in the cerebellar lysates from PhotonSABER-LSL;L7-Cre (PC-PhotonSABER) mice ( Figure 3B ). Immunohistochemical analyses of cerebellar slices from PC-PhotonSABER mice revealed that HA immunoreactivity was selectively found in Purkinje cells ( Figure 3C ) and predominantly colocalized with EEA1 and M6PR and to a lesser extent with TfR, and not with lysosomal-associated membrane protein 1 (LAMP1, a lysosomal marker; Figures 3D and 3E ), indicating that PhotonSABER was mainly localized in early to late endosomes in vivo.
We examined the basic properties of Purkinje cells using whole-cell patch-clamp recordings in acute slice preparations from the vermis of PC-PhotonSABER and control mice under dark conditions. We did not observe any difference in spontaneous spike frequency ( Figure S6A ) or membrane resistance and capacitance ( Figure S6B ) between the control and PCPhotonSABER slices. Similarly, the amplitude and frequency of miniature excitatory postsynaptic currents (mEPSCs) were similar between the control and PC-PhotonSABER slices ( Figure S6C ). These results indicate that expression of PhotonSABER itself does not affect the basic electrophysiological properties of Purkinje cells.
Next, we recorded PF-evoked and climbing fiber (CF)-evoked EPSCs in PC-PhotonSABER mice under dark and light conditions. The amplitudes of PF-and CF-EPSCs were not affected by illumination ( Figures 4A and 4B) . Similarly, the paired-pulse ratio of PF-and CF-EPSCs, which reflects presynaptic functions (Zucker and Regehr, 2002) , was unaffected by illumination (Figures 4A and 4B) . Together, these results indicate that PhotonSABER does not affect basal AMPA receptor trafficking with or without light stimulation, a finding consistent with earlier reports that AMPA receptors do not undergo rapid recycling under basal conditions (Kakegawa and Yuzaki, 2005; Lee et al., 2002) .
PF-LTD, but Not PF-LTP or RP, Is Impaired in the PCPhotonSABER Cerebellum
We next examined various synaptic plasticity models in slices prepared from the vermis of PC-PhotonSABER mice. While conjunctive stimulation (CJ-stim) of PFs and direct depolarization of Purkinje cells (30 pairs at 1 Hz) induced robust PF-LTD under dark conditions (0.70 ± 0.02 at 25À30 min after CJ-stim, n = 10; Figure 4C ), PF-LTD was not induced under light conditions (0.93 ± 0.03 at 25À30 min after CJ-stim, n = 9; p = 0.0003, Mann-Whitney U test; Figure 4C ). After confirming that CJ-stim failed to induce LTD under light conditions (Wilcoxon signedrank test, p = 0.398 at EPSC amplitudes between 1 min before and 30 min after first CJ-stim; Figure 4D ), slices were kept in the dark condition for 10 min, and then the same CJ-stim (second CJ-stim) was applied. We found robust LTD induction in these slices (0.73 ± 0.03 at 25-30 min after second CJ-stim, n = 7; Wilcoxon signed-rank test, p = 0.018 at EPSC amplitudes between 1 min before and 30 min after second CJ-stim; Figure 4D) , indicating that the perturbation of AMPA receptor endocytosis is reversible. When light stimulation was applied to cerebellar slices 30 min after the induction of PF-LTD, PF-EPSC did not show further changes (0.71 ± 0.03 at 30 min and 0.71 ± 0.04 at 55 min after CJ-stim, n = 7; p = 0.735, Wilcoxon signed-rank test; Figure 4E ). These results are consistent with earlier studies showing that AMPA receptors are transported beyond late endosomes after 30 min of LTD induction (Lee et al., 2004; Matsuda et al., 2013) , and they indicate that activation of PhotonSABER specifically inhibited the induction, but not the maintenance, of PF-LTD.
In contrast, PF-LTP, which could be induced by 1-Hz stimulation of PFs in current-clamp mode, was unaffected by light stimulation (dark, 1.26 ± 0.08 at 30À35 min after LTP-inducing stimulation, n = 5; light, 1.30 ± 0.13 at 30À35 min after LTP-inducing stimulation, n = 6; p = 0.855, Mann-Whitney U test; Figure 4F ). Furthermore, illumination did not affect the RP of inhibitory postsynaptic currents (dark, 1.28 ± 0.08 at t = 30 min after RP-inducing stimulation, n = 7; light, 1.27 ± 0.15 at t = 30 min after RP-inducing stimulation, n = 8; p = 0.189, Mann-Whitney U test; Figure 4G ), indicating that synaptic plasticity at the inhibitory inputs to Purkinje cells is unaffected by illumination (Tanaka et al., 2013) . Together, these results indicate that PF-LTD induction is selectively and reversibly controlled with light in PC-PhotonSABER mice.
Because the flocculus is responsible for OKR and VOR (De Zeeuw and Ten Brinke, 2015; Ito et al., 2014) , we next examined PF-LTD and PF-LTP in slices prepared from the flocculus ( Figure 5A ). As observed in slices from the vermis, we found that light stimulation specifically inhibited the induction of PF-LTD (dark, 0.69 ± 0.02 at 25À30 min after CJ-stim, n = 7; light, 0.92 ± 0.07 at 25À30 min after CJ-stim, n = 7; p = 0.007, MannWhitney U test; Figure 5B ), but not PF-LTP (dark, 1.44 ± 0.09 at t = 30À35 min after LTP-inducing stimulation, n = 6; light, 1.39 ± 0.13 at 30À35 min after LTP-inducing stimulation, n = 6; 4D ). In the flocculus, which belongs to the zebrin-positive band, the stimulus that induces PF-LTD in the vermis can lead to AMPA receptor exocytosis and PF-LTP (De Zeeuw and Ten Brinke, 2015; Suvrathan et al., 2016; Wadiche and Jahr, 2005) . Thus, it is possible that the potentiation pathway, which is partially activated by the LTD-inducing stimulus but masked by the robust depression pathway under the normal condition, may contribute to the faster recovery of PF-EPSCs when the depression pathway was inhibited by PhotonSABER. In addition, (legend continued on next page) the kinetics of LTD blockade are affected by changes in presynaptic release probability caused by endocannabinoiddependent (Kreitzer and Regehr, 2001 ) and -independent (Crepel, 2007) pathways. To test these possibilities, we used botulinum neurotoxin light chain (BoNT LC , 100 nM) in the patch pipette to block PF-LTP (Kakegawa and Yuzaki, 2005) during LTD recordings. We found that, in the presence of BoNT LC , the time course of LTD blockade by PhotonSABER in the flocculus became much slower but had no effect on the presynaptic release probabilities ( Figures 5D and 5E ). These results indicate that the apparently faster kinetics of LTD blockade by PhotonSABER were at least partly caused by co-activation of the potentiation pathway in the flocculus.
Light Stimulus Inhibits Oculomotor Learning and AMPA Receptor Endocytosis
Using PC-PhotonSABER mice, we examined whether cerebellum-dependent motor learning tasks, such as the adaptation of OKR and VOR, were regulated by AMPA receptor endocytosis. To induce OKR, a checked-pattern screen was repeatedly moved in a horizontal direction (15 degrees) in front of the mice, which had optic fibers placed above the bilateral flocculi ( Figure 6A ). PC-PhotonSABER and control mice showed essentially the same basal OKR across different sinusoidal oscillation frequencies without fiberoptic illumination (Figure 6B ). However, while 60 min of training at 0.33 Hz increased the OKR gain without light stimulation, the gain increase was significantly impaired with light stimulation (gain at 60 min, 0.47 ± 0.05, n = 21 with light stimulation and 0.80 ± 0.04, n = 13 without light stimulation; p < 0.001, two-way ANOVA; Figure 6C ). When fiberoptic illumination was started 20 min after the end of the 60-min training in dark conditions, the OKR gain did not decrease during subsequent training (0.78 ± 0.06 at 60 min and 0.86 ± 0.04 at 150 min, n = 8; p = 0.037, Wilcoxon signed-rank test; Figure 6D ). When we placed optic fibers above the vermis, fiberoptic illumination did not affect the OKR adaptation in PhotonSABER-PC mice (gain at 60 min, 0.77 ± 0.05, n = 8; p > 0.05 with flocculus-unilluminated mice, two-way ANOVA; Figure 6E ). Together, these results indicate that fiberoptic illumination to the flocculus specifically inhibited OKR adaptation. Next, we examined the effect of PhotonSABER on the visual adaptation of the VOR using two protocols. In the gain-up protocol, the optokinetic stimulus was moved in the opposite direction from the head for 60 min of training ( Figure 7A ). The increase in the VOR gain observed with 30-and 60-min training was severely inhibited by fiberoptic illumination to the flocculus (p = 0.006 at 30 min and p = 0.009 at 60 min, two-way ANOVA followed by Bonferroni post hoc test; Figures 7B and 7C ). In contrast, in the gain-down protocol, the optokinetic stimulus was moved in the same direction as the head for 60 min of training ( Figure 7D ). In both the illuminated and unilluminated PC-PhotonSABER mice, the VOR gain similarly decreased with 30-and 60-min training (p = 0.299, two-way ANOVA; Figures 7E and 7F) . These results indicate that light stimulation to the flocculus of PhotonSABER mice specifically inhibited the adaptation of VOR in the gain-up, but not the gain-down, protocol.
Finally, to confirm the effect of PhotonSABER on AMPA receptor endocytosis in vivo during OKR adaptation ( Figure 8A ), we examined the density of AMPA receptors in the flocculus using quantitative and highly sensitive SDS-digested freeze-fracture replica labeling (SDS-FRL) (Masugi-Tokita and Shigemoto, 2007) . Although a small fraction of the synapses were likely modified after learning in vivo, the SDS-FRL method (Chen et al., 2014) and biochemical assays (Padmashri et al., 2013; Tukey et al., 2013) have been shown to detect changes in postsynaptic AMPA receptors. We found that the density of AMPA receptors decreased at PF-Purkinje cell synapses after 60 min of training with OKR (p = 0.001, Kruskal-Wallis test followed by Scheffe post hoc test; Figures 8B-8D ), as reported previously . However, the OKR-induced decrease in AMPA receptors was inhibited with fiberoptic illumination (p = 0.984, Kruskal-Wallis test followed by Scheffe post hoc test; Figures 8B-8D ). These results indicate that AMPA receptor endocytosis at PF-Purkinje cell synapses plays a direct role in OKR motor learning.
DISCUSSION
In the present study, we developed a new optogenetic tool, PhotonSABER, which enabled the temporal and reversible inhibition of early endosomal functions (Figures 1 and 2) . Using PCPhotonSABER knockin mice (Figure 3) , we showed that light stimulation inhibited the induction of PF-LTD (Figures 4C and , 100 nM) was applied to Purkinje cells through the patch pipette to block PF-LTP during the PF-LTD recording. Paired-pulse stimulations (50-ms interstimulus interval) were applied to PFs to monitor the changes in the presynaptic release probability. The traces indicate the PF-EPSCs À1 min before (left) and 30 min after (middle) CJ-stim in LS(À) (upper traces) and LS(+) (lower traces) conditions. The superimposed traces and traces normalized with first EPSC amplitude are shown in the right panels.
(E) The quantitative analysis of the PF-EPSC amplitude in the presence of BoNT LC . The amplitudes were normalized to the average EPSC amplitudes before CJstim. The bottom graph indicates the paired-pulse ratio of PF-EPSC. n = 6 cells from 6 slices in 6 mice for each condition. Data are presented as mean ± SEM. 
Essential Roles of PF-LTD and AMPA Receptor Endocytosis in Motor Learning
Establishing the functional role of LTD and AMPA receptor endocytosis in vivo has proven challenging due to a lack of selective tools (Collingridge et al., 2010; Yuzaki, 2013) . For example, intraperitoneal administration of T-588, a pharmacological inhibitor of PF-LTD in vitro, was shown to block fast VOR adaptation in marmosets (Anzai and Nagao, 2014), but not in mice (Schonewille et al., 2011) . While genetic engineering in mice assures cellular and molecular target specificity, compensatory mechanisms could modify synaptic plasticity in the remaining circuits and affect motor learning in vivo (Gao et al., 2012; Ito et al., 2014) . For example, the RP of inhibitory synaptic inputs is proposed to compensate for the loss of PF-LTD by reducing Purkinje cell outputs (Hirano, 2014) . In addition, the synaptic plasticity observed in mice, in which key synaptic molecules are genetically modified, does not necessarily reflect that of wild-type mice. Recently, cerebellar motor learning, as well as PF-LTP, but not PF-LTD, was shown to be impaired in mice lacking GluA3 AMPA receptor subunits (Gutierrez-Castellanos et al., 2017) . However, as basal synaptic excitatory transmission in GluA3-null Purkinje cells is reduced (Gutierrez-Castellanos et al., 2017), it remains unclear whether unusual subunit composition may affect the synaptic properties in these mice. Finally, another confounding factor is the various LTD induction protocols used in in vitro slice preparations (Suvrathan et al., 2016; Yamaguchi et al., 2016) .
Unlike most pharmacological tools, PhotonSABER targets the final common step of LTD-the activity-dependent, clathrinmediated rapid endocytosis of AMPA receptors (Collingridge et al., 2010; Huganir and Nicoll, 2013) . Less active AMPA receptors or their constitutive recycling is unlikely to be affected, as was observed for normal basal synaptic transmission at PFand CF-Purkinje cell synapses ( Figures 4A and 4B ). This finding is also consistent with recent reports showing that constitutive endocytosis of AMPA receptors is mediated by clathrinindependent pathways (Glebov et al., 2015; Zheng et al., 2015) . Thus, PhotonSABER selectively inhibits activity-dependent endocytosis without relying on LTD induction protocols.
Unlike genetic manipulations, PhotonSABER achieved the rapid and reversible control of endocytosis in heterologous cells ( Figure S1C ) and neurons ( Figure 1D ). Light stimulus inhibited PF-LTD in a temporally controlled ( Figure 4E ) and reversible (Figure 4D ) manner in PC-PhotonSABER slices. Unlike certain genetically modified mice, light stimulus did not affect PF-LTP ( Figures 4F and 5C ) or RP ( Figure 4G ) in PC-PhotonSABER slices. These results indicate that the compensatory pathways did not kick in when active endocytosis was rapidly and reversibly inhibited by PhotonSABER. Figure 5B ) and the adaptation of OKR in vivo ( Figure 6C ) in a similar time course. In addition, light stimulation inhibited the decrease in the synaptic AMPA receptor density in the flocculus associated with OKR (Figures 8B-8D) . Furthermore, light stimulation to the flocculus of PhotonSABER mice inhibited the adaptation of VOR in the gain-up, but not the gain-down, training (Figure 7) , which is consistent with the proposed role of PF-LTD in the gain-up adaptation of VOR (Boyden et al., 2006) . These results provide strong support for the causal role of AMPA receptor endocytosis and LTD at PFPurkinje cell synapses in motor learning during OKR and VOR in vivo.
PC-PhotonSABER inhibited PF-LTD induction in the flocculus in vitro (
Advantages and Caveats of Using PhotonSABER
The major advantage of PhotonSABER is its high temporal and cell-type-specific control of LTD without affecting basal synaptic transmission or evoking compensatory synaptic plasticity. LTD and AMPA receptor endocytosis have been shown to occur at many synapses in various brain regions. In addition to its roles in learning and memory, LTD is thought to mediate the elimination of synapses in various brain regions during normal development and under pathological conditions, such as in fragile X syndrome, Alzheimer's disease, drug addiction, and schizophrenia (Collingridge et al., 2010; Huganir and Nicoll, 2013) . By mating PhotonSABER-LSL mice with cell-type-specific Cre driver mice, we can easily achieve cell-typespecific expression of PhotonSABER. Thus, by taking advantage of the acute control of AMPA receptor endocytosis, PhotonSABER is a powerful tool by which to clarify the direct roles of AMPA receptor endocytosis and LTD in various physiological and pathological functions at many synapses in vivo.
In addition to its high temporal control, another advantage of PhotonSABER is its reversibility. For example, delayed light stimulation did not inhibit PF-LTD ( Figure 4E ) or adaptation of OKR ( Figure 6D ) in PC-PhotonSABER mice. Furthermore, 10 min after the cessation of light, PF-LTD was normally induced in PC-PhotonSABER slices ( Figure 4D ). Although the acquisition, expression, and extinction phases of learning and memory are thought to be achieved by distinct synapses, the underlying molecular mechanisms are not completely clear. By taking advantage of the acute and reversible control of AMPA receptor endocytosis, PhotonSABER can be used to clarify the role of active AMPA receptor endocytosis at specific synapses during different phases of learning in vivo.
One caveat of using PhotonSABER is that it does not discriminate cargo proteins, but rather it affects active synapses undergoing increased endocytosis of any cargo. Indeed, PhotonSABER inhibited the endocytosis of dextran in HEK293 cells ( Figure S2 ). Although PF-LTD in the cerebellum is likely caused by the selective endocytosis of AMPA receptors, other cargo proteins, such as NMDA receptors (NMDARs), are endocytosed together with AMPA receptors in certain forms of LTD (Snyder et al., 2001) . By taking advantage of the nonselective nature of cargo proteins, PhotonSABER could be used to characterize these forms of LTD. In addition, PhotonSABER could be used to determine the roles of activity-dependent endocytosis of other cargos, such as TrkB receptors for brainderived neurotrophic factor.
The concept of optogenetically regulating active endocytosis by changing the luminal pH of early endosomes could be applied to other types of endosomes. For example, by targeting the photosensitive H + pumps to late endosomes/lysosomes and recycling endosomes, optogenetic control of autophagy (Colacurcio and Nixon, 2016) and LTP (Huganir and Nicoll, 2013; Malinow and Malenka, 2002) could be achieved, respectively, to elucidate their roles in various brain regions in vivo. Further development of optogenetic tools through the optimization of endosomal targeting and H + pump activity is warranted to regulate specific endosomal functions.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
All procedures related to animal care and treatment were performed in accordance with the guidelines approved by the animal resource committees of the University of Electro-communications and Keio University. Mice were housed with a 12:12 h light-dark cycle with food and water available ad libitum. PC-PhotonSABER mice at postnatal 8 to 10 weeks were subjected to adaptation of horizontal optokinetic response (OKR) and vestibule-ocular reflex (VOR).
Primary Culture of Hippocampal and Cerebellar Neurons
Hippocampal cultures were prepared as described previously . Briefly, hippocampi dissected from embryonic days (E) 16À17 ICR mice were digested using 10 U/ml trypsin and 100 U/ml DNase at 37 C for 20 min. The dissociated hippocampal neurons were plated at a density of 2X10 5 cells on polyethyleneimine-coated glass coverslips (diameter, 13.5 mm), and were cultured in neurobasal medium (Invitrogen) with NS21 supplement and 0.5 mM L-glutamine. At 7À10 days in vitro, neurons were transfected with plasmids using LipofectAMINE 2000 (Invitrogen), and used for the assay of AMPA receptor endocytosis. Cerebellar cultures were prepared from E16À17 ICR mice by modifying a reported method (Furuya et al., 1998) . Cells were plated at a density of 2X10 5 cells on glass coverslips (diameter, 13.5 mm) and were maintained in DMEM/F12 (Invitrogen) containing 100 mM putrescine, 30 nM sodium selenite, 0.5 ng∕mL Tri-iodothyronine (Sigma-Aldrich), 3.9 mM L-glutamate (Invitrogen) and N3 supplement (100 mg/mL apo-transferrin, 10 mg/mL insulin, and 20 nM progesterone; all from Sigma-Aldrich) with 1% fetal calf serum in 5% CO 2 at 37 C. At 7À10 days in vitro, neurons were transfected with plasmids using Amaxa Nucleofector (Lonza, Basel, Switzerland), and used for the assay of AMPA receptor endocytosis.
METHOD DETAILS
Construction of Plasmids
The cDNA encoding ASR (GenBank: WP_010997316.1; with Asp217 replaced by Glu) with codon optimization for mouse was synthesized by Takara Bio. To generate a cDNA encoding photonSABER, the cDNA encoding C-terminal intracellular region of ASR (from His219 to the end) was replaced with the C-terminal region of mouse chloride channel protein 5 (Clcn5, GeneBank: NP_001230691.1; from Asp565 to the end). The cDNAs encoding SEP and FLAG tag was added to the 5 0 end (immediately following the signal sequence) and 3 0 end (immediately upstream of the stop codon) of PhotonSABER, respectively. The cDNA encoding an HA tag was added to the 5 0 end (immediately following the signal sequence) of mouse GluA2. The nucleotide sequences of the amplified open reading frames were confirmed by bidirectional sequencing. The cDNAs encoding GFP-tagged Rab4, Rab7 and Rab11 were kindly provided by Dr. Fukuda (Tohoku University, Sendai, Japan). After the cDNAs were cloned into pcDNA (Invitrogen) or pCAGGS (kindly provided by Dr. J Miyazaki, Osaka University, Osaka, Japan) vectors, the constructs were transfected into HEK293 cells (tSA, kindly provided by Dr. R Horn, Thomas Jefferson University, Philadelphia, PA) using the calcium phosphate method.
Immunofluorescence Analysis for Cultured Cells HEK293 cells or cultured hippocampal neurons expressing PhotonSABER-FLAG and GFP-tagged Rab proteins were fixed using 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 10 min at room temperature. After washing with PBS for three times, cells were blocked with PBS containing 2% bovine serum albumin, 2% normal goat serum, and 0.4% Triton X-100. To label for PhotonSABER-FLAG, cells were incubated with anti-FLAG antibodies (1:300) for 1 h and visualized with Alexa546 secondary antibody (1:1000; Invitrogen). In the representative images, brightness and contrast were adjusted uniformly within each experimental series for consistent visibility. For the colocalization assay in hippocampal neurons, the fluorescence intensities of GFP (Rab) and Alexa546 (PhotonSABER) were quantified along the region of interest (ROI) set on dendrites using an IP-Lab software (Scanalytics). Local maximal points, which had more than twice the average fluorescence signals in the ROI, were identified by eye and defined as peaks. We defined that PhotonSABER and Rab overlapped with each other when more than half of each peak fluorescence signal was observed at the same position. The percentage of Alexa546 peaks colocalized with GFP was calculated.
Measurement of Endosomal pH
HEK293 cells, COS-7 cells or hippocampal neurons expressing SEP-tagged PhotonSABER were incubated with dextran-conjugated pHrode (Molecular Probes) for 10 min. After changing the medium to the imaging solution (in mM): 25 HEPES, 140 NaCl, 5 KCl, 1.3 CaCl 2 , 33 D-glucose; pH 7.0), which contained 10 mM nocodazole to inhibit endosome movements, the fluorescence images of living cells under dark conditions were captured with confocal microscopes (Olympus FV1200 for HEK293 and COS cells and Olympus CSU-W1 for hippocampal neurons). Subsequently, the cells were stimulated with light (central wavelength = 575 nm, wavelength width = 25 nm) and the images were captured at various time points. On completion of live imaging, the imaging solution was changed to various pH calibration solutions (pH 5.0, 5.8, 6.5, and 7.5 ) containing H + -ionophores (10 mM monensin and 10 mM nigericin (both from Sigma-Aldrich). The fluorescence intensities of SEP and pHrode in endosomes (defined as SEP-and pHrode-double positive regions) were measured by using Fiji software (Schindelin et al., 2012) . The ratio of SEP/pHrode at pH = 5.8 was established to 100%.
Assay for the Endosomal Localization of Dextran and AMPA Receptors
To visualize late endosomes, HEK293 cells expressing GFP-tagged Rab7 and PhotonSABER-FLAG were incubated with biotinylated dextran for 2 min or 60 min in the presence of light stimulations at the various illuminance (0À10 5 lux). After fixation with 4% PFA, dextran incorporated into endosomes was visualized by Alexa546-conjugated streptavidin (Molecular Probes). The fluorescence images were captured by confocal microscope and the intensities of Alexa546 on the GFP positive region was quantified by using IPlab software.
To visualize AMPA receptors in early endosomes in cultured hippocampal neurons, 50 mM NMDA (Tocris Bioscience) was applied to hippocampal neurons expressing HA-GluA2, GFP-tagged Rab4 and PhotonSABER-FLAG. Three min after the stimulation, cells were fixed with 4% PFA and the localization of HA-GluA2 and PhotonSABER-FLAG were visualized by immunostaining using anti-HA (mouse, 1:1000) and anti-FLAG (1:300) antibodies. Anti-HA, and anti-FLAG antibodies were detected by Alexa546-and Alexa405-conjugated secondary antibodies (Molecular Probes), respectively. The fluorescence images were captured by confocal microscope and the fluorescence intensities of Alexa546 on the GFP-positive regions in the dendrites were measured and normalized by total Alexa546 fluorescence intensities within the dendrites. The mean values of control neurons were established as 100%.
To visualize AMPA receptors in endosomes in cultured Purkinje cells, 1 mM TPA (Sigma-Aldrich) was applied to Purkinje neurons expressing HA-GluA2 and PhotonSABER-FLAG. Three min (for EEA1 and TfR) or 20 min (for M6PR) after the stimulation, cells were fixed and the localization of HA-GluA2 and endosome markers were visualized by immunostaining using anti-HA mouse (1:1000) or rabbit (1:500), anti-endosome markers (EEA1 1:200, M6PR 1:100, TfR 1:100) and anti-Calbindin rabbit (1:500) or guinea pig (1:200) antibodies. Anti-HA, anti-endosome marker, anti-Calbindin antibodies were detected by Alexa405-, Alexa546-and Alexa488-conjugated secondary antibodies (Molecular Probes), respectively. The fluorescence images were captured by confocal microscope and the intensities of Alexa405 fluorescence on the Alexa488-positive regions in the dendrites were measured and normalized by the total Alexa405 fluorescence intensities within the dendrites. The mean values of control neurons were established to 100%. Brightness and contrast were adjusted uniformly within each experimental series in the representative images.
Antibody Feeding Assay for the AMPA Receptors Living cultured hippocampal neurons expressing HA-GluA2 and PhotonSABER-FLAG were labeled with anti-HA mouse antibodies (1:100). To induce chemical LTD, 50-mM NMDA was applied to hippocampal neurons for 3 min. After excess amount of antibodies were washed out by ice-cold PBS, cells were fixed with 4% PFA, washed twice with PBS and incubated with a blocking solution (2% BSA and 2% normal goat serum in PBS). Cell surface anti-HA antibodies were detected by Alexa546-conjugated secondary antibody (1:1000). Cells were then permeabilized with 0.4% Triton X-100 in a blocking solution and internalized anti-HA antibodies were detected by Alexa488-secondary antibody (1:1000). Expression of PhotonSABER-FLAG in cultured hippocampal neurons was also detected by anti-FLAG antibody (1:300) and Alexa350-secondary antibody. Fluorescence images were captured by a fluorescence microscope (BX60, Olympus) equipped with a CCD camera (DP70, Olympus) and analyzed using IP-Lab software (Scanalytics). In the representative images, brightness and contrast were adjusted uniformly for consistent visibility. For statistical analysis of the internalized HA-GluA2, the intensity of Alexa488 was measured and normalized using the intensity of Alexa546 for surface HA-GluA2. The fluorescence intensity of dendrites between 30 and 100 mm from the soma was measured.
Chemical LTD in Hippocampal and Cerebellar Neurons
Cultured hippocampal and cerebellar neurons were transfected with plasmids encoding HA-GluA2 and PhotonSABER-FLAG. To induce chemical LTD, 50-mM NMDA was applied to hippocampal neurons for 10 min and 1 mM TPA (Sigma-Aldrich) was applied to cerebellar neurons for 20 min in the presence of light stimulations (0À10 5 lux). Cells were fixed with 4% PFA, washed twice with PBS, and incubated with a blocking solution (2% BSA and 2% normal goat serum in PBS). Cell surface HA-GluA2 was labeled with the anti-HA antibody (1:1000), and visualized with Alexa546-secondary antibody (1:1000). Cells were then permeabilized with 0.4% Triton X-100 in a blocking solution and total HA-GluA2 was labeled with the anti-HA (1:1000) and Alexa350-secondary antibody (1:1000). Expression of PhotonSABER-FLAG in cultured hippocampal neurons was also detected by anti-FLAG (1:300) and Alexa488-secondary antibody (1:1000). Cerebellar Purkinje cells were identified with anti-Calbindin-D28K (1:500) and Alexa488-secondary antibody. Fluorescence images were captured by a fluorescence microscope (BX60, Olympus) equipped with a CCD camera (DP70, Olympus) and analyzed using IP-Lab software (Scanalytics). In the representative images, brightness and contrast were adjusted uniformly within each experimental series for consistent visibility. Heatmaps were generated by using Fiji image processing software. For statistical analysis of the surface expression level of HA-GluA2, the intensity of Alexa546 for surface HA-GluA2 was measured and normalized using the intensity of Alexa350 for total HA-GluA2. The fluorescence intensity of dendrites between 30 and 100 mm from the soma was measured.
To determine the wavelength dependency, various wavelengths of light were applied through band-pass filters (Cyan, 475/28 nm for center wavelength/full width at half maximum; Green, 542/27 nm; Yellow, 575/25 nm; Infrared, 850/50 nm) to cultured hippocampal neurons expressing HA-GluA2 and PhotonSABER during chemical LTD induction stimulus. To examine the effect of focal light stimulation, part of the dendrites of hippocampal neurons expressing HA-GluA2 and PhotonSABER-FLAG was stimulated by confocal laser (wavelength 561nm, Olympus CSU-W1) during chemical LTD induction stimulus.
Immunoblot and Immunofluorescence Assays for Mouse Brain
For immunoblot analysis, the cerebrum or cerebellum of the wild-type and PC-PhotonSABER mice were solubilized in 500 mL of TNE buffer (50 mM NaCl, 10% NP-40, 20 mM EDTA, 0.1% SDS, 50 mM Tris-HCl, pH 8.0) supplemented with a protease inhibitor cocktail (Calbiochem). After centrifugation, the supernatant was analyzed using immunoblotting with anti-HA rat, anti-Calbindin-D28K, antiactin antibodies and HRP-conjugated secondary antibody, and chemiluminescent HRP substrate (Immobilon, Millipore).
For immunofluorescence assay, 100-mm thick cerebellar slices, prepared from the wild-type or PC-PhotonSABER mice, were incubated in the blocking solution containing 0.4% Triton X-100, and incubated with anti-HA rat (1: 1000) or rabbit (1:500) antibodies and anti-Calbindin-D28K (1:500) or anti-EEA1 (1:200) or anti-TfR (1:100) or anti-LAMP1 (1:200) rabbit antibodies or anti-M6PR (1:100) mouse antibodies. Anti-HA antibodies were detected by Alexa546-conjugated secondary antibodies and anti-Calbindin-D28K, EEA1, M6PR, TfR, LAMP1 antibodies were detected by Alexa488-conjugated secondary antibodies. To quantify colocalization of PhotonSABER with endosomes, the intensities of Alexa546 fluorescence on endosomes (defined as Alexa488-positive regions) were measured by using IPlab software and normalized by total Alexa546 fluorescence intensities. In the representative images, brightness and contrast were adjusted for consistent visibility. experiment, the screen was moved repeatedly at 0.33 Hz for 1 h in light (300À400 lux). Over 10 cycles of the evoked eye movements free from blinks and saccades were averaged, and the mean amplitude was calculated using a modified Fourier analysis as previously described . The gain of the eye movement was defined as the ratio of the peak-to-peak amplitude of eye movements to that of the screen oscillation.
VOR measurement was performed as previously described (Hatanaka et al., 2016) . Briefly, the horizontal VOR was induced under the dark condition by applying turntable rotations about an earth-vertical axis, with a sinusoidal angular velocity of frequency 0.5 Hz, amplitude of 6.4 (peak-to-peak) and peak speed of 10 /s. Before VOR measurements, one drop ($1 ml) of ophthalmic solution containing 1% pilocarpine hydrochloride (Sanpilo, Santen) was applied on the right eye of the mouse using a blunt needle. The pupil was tracked by an automated target tracking program (Move-tr/2D, Library). The artifacts caused by saccadic eye motion and eye blinking were removed from the acceleration data by the thresholding method using MATLAB (Mathworks, Natick, MA). The VOR gain was calculated as the ratio of the eye velocity amplitude to the head (turntable) velocity amplitude after fitting them to a sine curve at the fundamental stimulus frequency, 0.5 Hz, using a nonlinear least-squares regression program using MATLAB. We induced the adaptive motor learning in the VOR by pairing head rotation with rotation of the optokinetic stimulation projected on the inside wall of the cylinder placed around the restrainer of a mouse. The gain-up stimulus consisted of 0.5 Hz, 10 /s peak velocity, sinusoidal turntable rotation paired with oppositely directed 10 /s, sinusoidal visual rotation (with both speeds measured relative to the external world). For the gain-down training, the visual stimulation was held stationary relative to the mouse, while 0.5 Hz, 10 /s sinusoidal turntable rotation was delivered as well as gain-up protocol. At the beginning and each 30-min block of training, the VOR was measured in darkness with 0.5 Hz, 10 /s sinusoidal turntable rotation. Light stimulation to flocculi was applied during training and its illumination was stopped during VOR measurement.
SDS-Digested Freeze-Fracture Replica Labeling (SDS-FRL)
Adult PC-PhotonSABER mice (8À10 weeks, n = 3 mice for each condition) were perfused transcardially with 0.5% PFA and 15% saturated picric acid in 0.1 M phosphate buffer (pH 7.2), and 3 replicas of the cerebellum from individual mice were prepared and immunolabeled with anti-pan-AMPA receptor and anti-GluD2 antibodies (guinea pig) as described previously . Labeled replicas were investigated with a Tecnai 12 transmission electron microscope. The exoplasmic (E) faces of replicated plasma membranes with clusters of intramembrane particles (IMP) labeled with immunogold particles for GluD2 were considered as PFÀPurkinje cell synapses and photomicrographed with a CCD digital camera at a magnification of 97,000X. The area of postsynaptic membrane specializations was measured by demarcating the outline of the IMP clusters, and the number of immunogold particles was counted using iTEM software. All particles within 20 nm from the outside edge of the E-face IMP cluster were counted as synaptic labeling because they can be distant from the epitope. The EM images were calibrated using a calibration grid. Specificity of the anti-AMPA receptor and anti-GluD2 antibodies was confirmed previously and background labeling assessed on the P-face of presynaptic profiles in the present study was of negligible level.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical methods were not used to predetermine the sample size. The experiments were not randomized. Data are presented as the mean ± SEM or mean + SEM. All tests were performed with Sigma Plot (Systat software) or BellCurve for Excel (Social Survey Research Information) . For the comparison between two groups, we used two-tailed Student's t test, Mann-Whitney U test, Wilcoxon signed-rank test or Kolomogorov-Smirnov test unless stated otherwise. For the comparison among several groups, analyses of variance (ANOVA) or Kruskal-Wallis test, followed by the post hoc tests, was used. p < 0.05 was considered statistically significant.
